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PROGRESS ON RESOLVING MAJOR SURETY ISSUES

by

Charles R. 8ell and Joan M, Boudreau
Los Alamos National Laboratory

ABSTRACT

This paper presents a summary of the major surety Issues that have
been Identlfled during Phase 1 of the SP-1OO Program and the progress
that has been made In analyz!ng the most important of these Issues In
the context of the conceptual design effort, These tssues have been
Identlfled as inadvertent cr!tlcallty, toxtc material release and d!s-
perston, radlatlon exposure following end-of-llfe reentry, potential
dlverslon of special nuclear material, failure to achieve end-of-llfe
neutronlc shutdown, and structural predlctabllliy for end-of-life re-
entry or b~ost, Because of the complexity of tht’se Issues, a stmpll-
fled conservative approach was tak?n during Phase I. Progress on
these Issues has been mainly In the areas of lncr~,?sed understanding
of the Issues, 1 :ntlflcatlon of design features to resolve the is-
sues, and quantitative evaluations of the surety charact~rlstlcs of
the ~arlous design concepts.



PROGRESS ON RESOLVING MAJOR SURETY ISSUES

by

Charles R, Bell and Joan M. Boudreau

ABSTRACT

?hls paper presents a summary of the major sufety Issues tha+ have
been Identlfled during Phase I of the SP-1OO Program and the progress
that has been made In analyzlng the most important of these Issues In
the context of the conceptual design effort. These Issues have been
Identlfled as Inadvertent crltlcallty, toxic matertal release and d!s-
perslon, radlatlon exposure followlng end-of-ltfe reentry, potential
dlverslon of special nuclear materl~l, failure to achieve end-of-llfe
neutronlc shutdown, and structural predtctablllty for end-of-llfe re-
entry or boost. Because of the complexity of these Issues, a slmpll-
fled conservative approach was taken durtng Phast I. Progress on
these Issues has been mainly In the areas of Increased understanding
of the Issues, Identlflcatlon of design features to resolv~ the is-
sues, and quantitative evaluations of the surety characteristics of
the various de!lgn concepts.

I. IN”iROOUCTION

During the lnlt al part of the SP1OO program, the surety effort* was fo-
cused on the del!neatlon, prlorltlzatlon, and characterlzat!on of the
surety Issues. The objectives of the work done tn the past year (FY 1285)
have been to al,alyze the most tmportant Issues in the context of the con-
ceptual design actlv~tles, to define deflnttlvely the bas!s for the surety
evaluations of the competing concepts, to perform the surety evaluat~cns

%u~~e~gratton of safety, environmental protection, safeguards,
rellablllty and quallty assurance,



of the concepts as part of the overall concept selection process, and to
generate safety, environmental protection, and safeguards goals and guide-
lines for the ground engineering system (GES) phase of the SP-100 program.
In this paper, we wI1l concentrate on the progress that has been made In
understanding and dealing with the ?mportant Issues.

II. BACKGROUND

Many of the surety Issues of major Importance are extremely dlfflcult to
address with high precision because of the extremely destructive and tll-
deflned accident environments that are Involved and because of the highly
complex, nonllnear transient response of an SP-1OO reactor to these envi-
ronments. For example, In launch accidents the blast effects could cause
a wide spectrum of damage to an SP-1OO, depending on the particular acct-
dent mode In the Space Transportation System (STS), the explojlon lftltl-
atlon stte, the extent of propellant mlxlng, the nature ot the blast wave
(air shock, tank and orbiter debris, exploslon products, or comblnatlons),
the orientation of the blast wave relative to an SP-1OO, and the structur-
al characteristics of an SP-!OO. This spectrum could range from relatively
minor disassembly of somewhat fragile components external to the reactor
core but with the core remalnlng essentially Intact to complete destruc-
tion of the entire power system. A damaged but essentially Intact reactor
could be subjected to an intense fire environment for an extended per40d
of time as the solid propellant burns, Ieadlng to a potential for changing
the core geometry and material constituency and for forming and dispersing
any toxic materials that are part of an SP-1OO The temperature and dura-
tion of such a fire would be highly variable, depending ottthe propellant
breakup and dlstrlbutlon on the ground around an SP-1OO. As another
example, high-veloclty ground Impacts of the reactor could occur elthe’ as
a result of high-altltude ascent accidents or as a result of Intact re-
entry. The damage to the reactor during these impacts may be highly vari-
able, depending on the characteristics of t$e Impact surfaces, the orien-
tation of the reactor at tmpact, and the extent of prlcr damage by STS ek-
ploslon or reentry heating. If crltlcallty occurred as a result of core
geometry or constituency changes, the reactor neutrcnlc response could b~
extr~mcly nonllnear, highly transient, and t~ghtiy coupled to the struc-
tural and fluld dynamic responses. These %re exampies of the types of
problems that are Involved In addressing the surety Issues.

Because a complete analysts of these types of problems requl~es sophisti-
cated and expensive techniques, It was not attempted during the first
phase of the SP-1OO program. In some cares, the data base ts tnsufftctent
to support precise models, and therefore analyses, e$en If the program de
stred them, Thus, the declslon was made to evaluate the tssues based on
speclf~c assumed reactor states or speclflc assumed transients. This ap-
proach permitted the surety characte:.lstlcs of the de$ign concepts to be
determined In a consistent way for comparison and permitted the feaslbtl-
tty of resolv!ng the Issues to be ascertained.



III. MAJORSURETY ISSUES

A large number of Indlvldual tssues were delinea~ed In FY 19841 as each
phase of a typtcal mlsslon was considered. As we began to address these
Issues, it became clear that many had common features a~;dcould be evalu.
ated w~thln the envelope of concerns of a few, more generic, Issues.
These generic Issues are listed In Table I.

Inadvertent crltlcallty encompasses all the cr~tlcality concerns related
to dynam~c core compacttcn by launch explosions and ground impacts. It
Includes the lrmners~on concern< associated with a damaged reactor (par-
ttally disassembled and/or partially compacted) impacting in water or
Sotl. Also tncluded are the concerns of configuration and composlt!on
changes in severe S1S launch accident fires. Finally, this Issue encom-
passes the concerns related to the removal of neutron absorbers from t$e
core through either explosion or reentry effects.

Toxic materials of various types. quantltles, and configurations are being
considered In the candidate SP-100 designs. The release and dtspersal of
thesp materials during launch accld~rlts, during reentry heating, and during
hlg,-veloclty ground Impact are the pr~mary concerns.

A primary end-of-llfe Issue that has high Importance (possibly from the
standpoint of real health effects but certainly from the standpctnt of
perceived health effects) is the Pxposure of lnd~vlduals or groups of
people to the restdual radloactlvlty In an SP-1OO followlng a planned or
unplanned reentry. The real threat depends on the composition of the fuel
and structural materials, the power level, the operating time, the time
Interval between last operation ;~ndreentry, the thermal/structural/
dispersal behav~or during leentry, the particular portion of the Larth’s

TABLE I

PR’fM.4RYSURETY ISSUES

● Inadvertent rrltlcallty

. Toxic material releases and dtspersal

● Radlatlon exposure followlng end-of-lffe reentry

● Potent~al dtverslon of spec~al nuclear mater~al

● Failure tr~acnleve end-of-ltfe neutronlc shutdown

● Structural pred~ctablllty for end-of-ltfe reentry or boost



surface affected, and the Interdictory response by local authorities after
reentry. The exposure could be by direct rad~ation from radioactive mate-
rtal scattered on the ground or handled by people unaware of the danger,
by Inhalation of released radloacttve gases and radioactive partlculates,
or by IngestIon of contamln~ted water or foodstuffs.

The potential for diversion of the special nuclear material used for fuel
in an SP-1OO Is an tssue that is particularly fmportant in the near term,
while weapons prollferat~on 1S a major, world-wide concern. Thus, the is-
sue is focused primarily on the early mtsston phases (ascent accidents and
aborts) and short-lived operational urbfts with unplarned reentry. This
Issue Is complicated by many nontechnical aspects such as speculation on
the responses of potentfal dlv~rter governments If presented with the
material, obtalnlng permission to enter a country to retrieve the mate-
rial, and the application of ~nternattonal pol~tical leverage to force an
accounting, and possibly a reltnqulshlng, of the matertal.

Failure to accomplish permanent n?utron~c shutdown at the end of the oper-
ational phase of a mfssion using an SP-1OO Is an important issue because
of Its potentially stronq tnfluence on the Issue of radlatlon exposure
followlng end-of-llfe reentry. If the reactor is not actively b;oughi to
a cold subcritical state, It could continue to operdte at low poder levels
for many tens or even hundreds of years. Thus, the radiologlca; source
term in the reactor would not decay with time as desired, could make re-
actor disposal much more difficult and unpredictable, and could result In
much greater radlatlon exposura risks if reentry occurred even If delayed
by many tens or even hundreds of years. Failure to malntaln the shutdown
state once accomplished could have similar negative effects.

The Issue of structural prec ’ctablllty at the t~me of reentry or reactor
dtsposal by boosting (to a long-lived orbtt) or deboostlng (controlled re-
entry to a deep ocean) is ~xtremely tmportant if safe dtsposal Is tu be
achlev~d, The aspects of this ~ssue that must be cons~dered are the ef-
fects of mclten fuel on the reactor structural clem~nts (reactor vessel
and pin support plates), the potentially corrosive effects of fission
products or fuel compounds on structural elements, long-term matertal com
patlbtllty, and space environment effects on the structural materials.
This last Issue and the preceedlng one encompass the concerns of reactor
operational rellabl’l!ty and control/protection system performance.

Iv. PROGRESS ON MAJORSURETY ISSUES

The first four of the major surety issues In Table I received the greatest
emphasis during FY 1985. The remdlnlng two were addressed briefly by the
design contractors but were left to the next phase of the program to be
considered In depth as the destgn and requirements become more detln!tlve.
The d!scusslon of progress on the major sJrety Issues wI1l be focused only
on the first four.

A . Inadvertent Crttlcallty
Lm?.moll , Several structural end staies of each candidate design
were deftned and analyzed neutronlcally for crlttcallty. Thts was done



for two reasons: (1) Any attempts to analyze the transient structural
responses of the candidate designs were beyond the scope of effort for
FY 1985 and (2) one-dtmenstonal scoping assessments of the reactor mate-
rial responses showed the potential for crushing the reactor core. It was
found that full axial and radial compactiot~ with the normal reflector
material ~urrouadlng the core can be accormnodated without undue negative
Influence on the design. The fuel pin arrays typ+cally are packed very
closely, thereby llmlting the extent of possible compaction. The problem
can be solved by deslgnlng removable neutron absorbers tnto the core.
These absorbers must be capable of offsetting the effects of compact~Gn
and must r~maln In the core during all compaction events. Safety rods
that penetrate the core appear to be a solution for this problem and also
can be used as a means of galnlng Increased reltablllty In the reactor
protection function and the encl-of-llfe shutdown function.

2. Mater Imrnerslonand Floodlnq. As with compaction, the prediction of
reactor structural responses for the fu?l spectrum of potential accident
loads was not possible. Further, it was not possible to assure complete
destruction of the core before or as It entered a boty of water ~lther
around the laurch area or at reentry. The SNAP-1OA safety test program?
supported this conclusion. Therefore, we again looked at the potential
fOr Crtttcallty through a spectrum of damaged reactor end states.

Apparently, the removal of external radial reflectors could be a corrrnon
occurrence during launch explosions (even mild ones) or high-veloclty im-
pacts In water.~ Thus, It was appropriate to consider a bare reactor
In evaluating the problem. The crucial factor Is the am~unt of water that
can enter the core to facilitate neutron moderation. If the “as d~;s~gned”
cores were filled completely wltrl .lter, the terldency toward critl’.ality
would be Increased but not maxlmlzed because of under-moderation, The
primary difficulty occurs If the reactor is damaged tn a way that permits
the fuel pins to spread, thereby lett~ng more water Into the core. The
effect of fuel pin spreading was found to be very pronounced for small-
dlameter pins (-1 cm) of the type typically used tn fast reactors and
In the thermoelectric and stlrllng engine SP-1OO designs, The effect was
small for the large thermionlc pins (-3 cm In dtameter) that embody a
relatively larger mass of nonfuel materials (the power conversion elements
are In the core). The nonfuel materials become stronger neutrol]absorbers
as the neutron spectrum IS moderated by the water, which parttally offsets
the water’s undesirable effe~t, The fuel Is a strong absorber of highly
moderated neutrons, Thus, as these neutrons enter the fuel from the water
around each fuel pin, they are absorbed mainly 1P the surface layer of
ttit?l,leavlng the fuel In the center of a large pln underused and less ef-
fec~lve. Again, the effeci cf the water ts counteracted.

These stu~iles showed that +hPre are $olutlons to the water floodlng pro-
blem. The removable neutron absorbers used to solve the compaction pro-
blem are vffectlve here also. but many more would be needed for the small
pln designs If they were the only approach used. A design could be com-
plicated substantially lt a larg~ number of such rods were used, Bullt-
In thermiil neutron absorbers In the form of thick claddtng, lnterstttlal
spllnes, vessel ltners, and/or core dlvlders are also poss~bllttles. The



operational penalty for these approaches Is additional f~sslle fuel.
la:ger power ratings (}100 kWe), there may be excess fuel available
because of constraints on burnup and the desire to avoid partial enr<
ments. Thus, the penalty may not be slgnlflcant.

3. S011 Irmnerslon. Soil Immersion could occur whenever an essentla’

For

ch-

ly “
Intact reactor Impacts SOI1 at substantial velocity as In reentry Impact
or In an early ascent accident that releases the reactor and lets It fall
back to the ground. Again, external reflectors are likely to be torn away
from the core. Because the soil would act as a more restraining “fluid”
than water, some core compaction appears possible. Thus, the end states
chosen for neutronlc analysls were partial core compaction (pin to pin
contact but no fuel crushing) with typical SO!I surrounding the reactor
vessel.

The compaction of the core and the loss of the neutron absorbers associ-
ated with the control drums was offset only partially by the reduced per-
formance of the SOI1 as the neutron reflector. The problem could be
solved with the same Internal ~bsorber rods required for the compaction
and water tmmerslon problems.

4, Launch Fires,. The melting points of the core materials for the SP-1OO
are generally above 2600 K for the refractory metal concepts. The thermal
envlronmer,t that the reactor could see Is probably not sufflctent to melt
the structural and neutron absorber materials and clearly ts not suffi-
cient to melt the ceramic fuel. Because of the uncertainty In the effec-
tive fire temperature, we chose conservative end states In which all
materials except the fuel or those with higher melting potnts than the
thermodynamic flame temperature were assumed to be removed from the core.
The remalnlng solid materials then were assumed to form a conical pile of
rub~le on the ground. Even though most of the structural and all of the
control material was removed, the neutronlc analysls showed substantial
margins against crltlcallty, Furthermore, thermal analyses performed by
the design contractors showed Incomplete meltlng of the core even In the
most extreme fire envlronmento Thus, this concern appears to b~ eltmlnat-
ed, at least for the 100-kWe systems.

5, Inadvertent Neutron Absorber Removal. Clearly, the Inadvertent re-
moval of the In-core neutron absorbers, the rotation of all the control
drums, or the closlng of reflector segments cou”ldcompromise the sollltlons
discussed above. Further, the reactor must be capabl: of crltlcaltty by
absorber removal or reflection changes If It Is to operate. Thus, if in-
advertent crttlcallty Is to be avoided, Inadvertent absorber remov~l or
reflector displacement must be avoided, The design contractors looked at
possible concepts for plnnlng, latchlng, and restraining these elements.
Solutlons appear to be ava~lable,

, Toxic Material Releases and Ol!Qersal0

The design concepts considered during FY 1985 all used hundreds of kilo-
grams of berylllum as neutron reflector and/or radiator materials.
Screening analysts of all matf?rlals used In the SP-1OO designs led to the



conclusion that beryllium Is the primary hazardous material of concern be-
cause of the large quanttty Involved and Its htgh tox~clty. It can be re-
leased In severe launch explosions and severe Impacts through a mechanical
aerosollzatlon process called spalllng (particularly If it is In the brit-
tle oxide or carbide forms). It also can be released In a launch fire or
during reentry heating through burning, vaporlzatlon, and fluid dynamic
aerosollzatton. The hazard Is associated primarily with Inhalation.
Therefore, the beryllium or its compounds must be released as a fine
aerosol ((10 vm In diameter) to constitute a threat.

The appropriate standard or llmlt to be used for accidental, one-time,
short-duration exposure situations Is unclear. A study was made at
Los Alamos during FY 1985 of the exlst~ng regulations for beryllium to
determine their basis and to attempt to construct a technically defendable
and appropriate go;~lfor concept evaluation and design guidance. The re-
sulting recommendation for a short-term exposure goal was that no lndlvld-
ual should be exposed to an air- borne concentration of more than 25
Vg/m9 of beryllium (as a metal or any of Its compounds) for more than
30 min.

The potential releases of berylltum during launch accidents were evaluated
based on the amounts and their characteristics (form and thickness) In the
competing designs. These were coupled with the different accident charac-
teristics to evaluate beryllium dispersal and resultlng doses. The acci-
dents must be defined In a consistent way; for example, an assumed severe
exploston that could aerosollze the ceramic beryllium mechanically also
may s’?verelyshatter the solld rocket propellant, leading to a high fuel
burn rate and a very high plume rise. TOIS would lead to greater disper-
sion of the aerosollzed berylllum and reduced doses (more p~ople may re-
ceive lower doses). The aerosollzatlon rate also was found tc be impor-
tant. Beryllium that Inltlally existed as thin layers (such as in the
radiator) would be vaporized rapidly compared wtth beryllium In the
10-cm-t.hick neutron reflectors. The consistent but somewhat slmplifted
evaluation tndlcated that the beryllium Issue appears resolvable.

c-“ Rad~atlon ExDosure Followlnq End-ot-Life Reentry

A substantial effort was used to evaluate the radlat~on exposure c;larac-
terlstlcs (doses vs area affected) resultlng from SP-1OO reentries having
various assumed reentry breakup behaviors, Me determined that complete
aerosollzatlon of all radloacttve matertals at high altltude was not pos-
sible for the SP-1OO designs betng considered (refractory metals and ce-
f?mlc fuels). Therefore, It was tmportant to dei:ermtne which reentry con-
flgurattons (In terms of the extent of breakup and footprint sizes) tended
to mlnlmlze the overall radlat!on threat. It was recognized that acciden-
tal reentry during a disposal boost or planned disposal reentry from a
nuclear-safe orb~t both lead to random Impacts on the Earth’s surface,
Thus, any type of population zone (sparse, dense, developed, or undevel-
oped) may be affected, and all types must be considered.

It was found that an essentially Intact reentry and subsequent Impart of
th[ reactor would mlnlmlze the radlatlon threat, One large source cannot
seriously affect nearly as many people 5ecaus~ It Is Impossible for as



many people to be In the proxfmfty of one radiation source as can be in
the proximity of hundreds of sources. Also, the exposure time can be con-
trolled and limited more easflY if one source (as opposed to hundreds of
widely scattered sources) is Involved. Furthermore, the intact reactor
Impact has a strong potential for embedding the radioactive materials In
the ground, provldlnp shleld~ng, whereas small pieces would Impact the
ground at lower terminal velocities and would be less likely to embed.

The essentially tntact reentry also solves the problem of inadvertent pos-
session and contact for long pertods of time wfth small pieces of radio-
active material that may have relatively large contact dose rates. Thts
Is a concern for niobium-based designs In which ●4Nb Is generated as an
activation product during reactor operation but decays w~th a half-life of
20 300 yr. Even wfth a long-lived orb~t typical of those required for
nearly complete fission product decay (300--500 yr), the 9*Nb will pro-
duce slgnlflcant ganxna rad?atlon, with pieces of fuel clad or structural
elements having contact doses on the ordec of 100 rem/h. The dos? rate
for a ntoblum-based SP-1OO reactor as a f!!nction of decay ttme and dis-
tance from the Intact core Is shown in Fig. 1. The areas in which slgnlf-
Icafitdose rates would exist are ltmlted even for short decay times and no
terrain shieldtng. Thus, large evacuation zones would not be required to
control the sltuatlon. For 300 yr of decay, the dose at 1 mwould be
about 2.6 rem/h. Although avoidance of the end-of-life r~diation Issue
Is preferred, It appears that llmited exposures to a small number of lndl-
vlduals reasonably could be assured tf intact reentry can be ach~eved.
Reentry analyses performed during FY 1985 give strong Indlcatlons that in-
tact reentry Is not only llkely but probably can be assured with confi-
dence. The abtltty of the reactor to remain Intact during Impact to the
point of ltmltlng radloact!vc surface debris requires more investigation.

D. Potential Dtverslon of Spec~al Nuclear Material

The cnntroi of the spec!al nuclear ma+erlal to be used in the SP-1OO can
be achieved wtth normally accepted practices while it is manufactured,
shipped, tested, hzndled at the launch pad, and retained ‘Inthe orbltor
during normal fllght or controlled aborts. Iiowever, uncontrolled events
such as deployment or orbit transfer acctdents or orbital decay reentries
would produce safeguards challenges for which precedents, policies, and
guidelines do not exist. To address thts problem, we performed an analy-
SIS to quantify the likelihood of a slgnlfican~ quantity (25 kg) of htghly
enriched uranium being depos!ted tn a potential diverter country. We as-
sumed that the reentrtes were random and that the debris wlthtn the foot-
pr!nt was distributed uniformly. The length of the footprint was a vari-
able. The results showed that the likelihood of such an occurrence, based
on the present assessment of potential diverter countries, would be d!mln-
Ishlngly small only for a footprint of global scale or for very small par-
ticles ((1 g). At the other end of the spectrum, for footprtnt lengths
In the range of O to 200 km, the likelihood of the event would be equal to
the fraction of the Earth’s surface area represented by the aggregate
areas of all potential diverter countries or about (1.06. For the tnterme-
dlate range, starting with footpr~nts larger than ~b6ut 200 km, the llke-
Ithood Increases substantially and becomes dependent on the total quantity
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of enriched uranium as well as the details of the modellng assumptions.
Because global scattering of the reactor fuel appears Impossible for cur-
rent destgns and widely scattered discrete pieces are undesirable from
the safeguards standpoint, limltlng the degree of reentry breakup ap-
pears desirable. Addltlonal work Is required on this Issue to gain assur-
ance of the acceptab?llty of near intact reentry and therefore assurance
of resolution of the safeguards issue.

v. SUMMARY

Substantial progress has been made In FY 1985 In the SP-1OO surety area.
This progress has been In the Increased understanding of the Important is-
sues, In the quantlflcatlon of technical aspects and trends, In th~ lden-
tlflcatlcm of design features to resolve Issues, and In the quantitative
evaluation of the surety characteristics of the various design concepts.
Most of the Important Issues appear to be resolvable even with conserva-
tive, high-confidence approaches at the 100-kWe size. For larger reactors,
less conservative approaches may be required and uncertainties may need
substantial reduction. This wI1l require the appltcatlon of more sophis-
ticated analysls approaches and the development of some additional data.
A foundation has been lald for understand~ng the Important lss~es. We can
proceed with confidence Into Phase II of the program knowing how to
approach some of these dlfflcult tssues.
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